ABSTRACT This paper introduces a comprehensive wireless energy harvesting model applied for multiple secondary users (SUs) in full-duplex cognitive radio networks. In this proposed model, SUs harvest energy from a hybrid base station (HBS), in addition to the primary user (PU) network on the downlink and transmit their data on the uplink. The opportunistic user selection scheme is employed in the SU network to achieve a better SU performance. Considering the underlay spectrum sharing paradigm, the total SU transmitted powers are limited to the maximum allowable PU interference threshold. Moreover, the proposed SU system suffers from self-interference from the transmitting antenna of the HBS and co-channel interference from the PU transmitter. Closed-form expressions for the SU system outage probability, average symbol error probability, and ergodic capacity are derived. Obtained exact expressions are then simplified to their asymptotic results in the high signal-to-noise-ratio regime. Based on these results, a power allocation optimization problem is formulated to reduce the SU outage probability under the constraints of performance indices. Computer-aided numerical and simulation work is performed to validate the exact expressions.
I. INTRODUCTION
As the number of smart mobile devices is growing tremendously nowadays and becoming an essential part of our life, the demand for more energy sources is considered a hot topic for research. Wireless power transfer (WPT) is considered one of the optimum solutions to efficiently provide power for smart devices and preserve their mobility [1] , [2] . However, due to the scarcity of available spectrum, the transmitted energy and data need to be sent to the same resource pool. Moreover, the signaling overheads such as the channel state information (CSI), traffic models, and users' distribution have to be minimized.
Motivated by the previous constraints, an efficient wireless power transfer model needs to be designed for mobile networks. Energy harvesting (EH) is considered as one of the promising applications of wireless power transfer to provide mobile smart devices with their power demand from other available resources over wireless links [3] , [4] . The idea of the EH depends on obtaining the energy over the wireless interface from either a dedicated transmitter or other transmitting sources. Incorporating EH links in the existing wireless mobile networks without affecting their efficiency represents a significant challenge.
There is a significant amount of literature in energyefficient communications of large-scale networks with non-rechargeable nodes. Such works were focusing on the perspective of routing protocols or energy efficient approaches [5] . On the other hand, EH [6] should give a broader area, where sensors' power depletion becomes rare possible. In [7] , a comprehensive work towards understanding transmission policies and coding schemes in energy harvesting communication systems was presented. In particular, this work identified optimal transmission policies to maximize the throughput of wireless transmitter nodes powered solely by energy harvesting. Algorithms to find the power policies which maximize the throughput of a wireless system under various conditions such as limited and lossy energy storage, interference, and energy cooperation, were developed. In [8] , the probability of event loss and the average routing delay due to channel error or lack of energy was tackled. The work comprised a mathematical model for a near-optimal design of sensor nodes with a multi-source and single-sink topology. The problem of power allocation (PA) with energy harvesting communication systems should be given more effort with the evasion of the Internet of things (IoT) devices. Furthermore, the current energy harvesting capability is usually limited by many factors: outage probability, harvesting distance, device constraints, and security. The limited storage energy on such platforms makes it even challenging to implement energy-hungry security functions besides basic functions: sensing, computing and transmitting, especially for security-sensitive applications [9] .
A. RELATED WORK AND MOTIVATION
Overhead signaling remains an essential factor in designing EH techniques, especially in batteries and for channel status. This topic attracts many researchers to reduce such overhead information. The work in [10] studied the impact of the statistical behavior of limited battery nodes on the performance of EH multi-source multi-destination network under different channel conditions. While in [11] , a source harvests the energy from a relay node over a full-duplex (FD) link and re-transmits the data to a destination node through the relay node. The system channel capacity was derived assuming two scenarios. In the first scenario, the EH source is equipped with a storage battery. Whereas, in the second scenario, no storage battery exists. In [12] , an algorithm for a joint relay selection and PA problem was designed for a two-hop amplify-andforward (AF) relay system where the relays harvest energy from the surrounding environment with no available CSI. In [13] , a PA algorithm for EH communication network with infinite batteries' capacity was studied. The relation between average transmitted power and average harvested power was examined. Channel capacity was analyzed in [11] , where the channel capacity and battery storage behaviors were examined for EH sources with/without batteries.
A lot of research works studied the existence of relay nodes that employ the EH technique to transmit information or energy. The tradeoff between fairness and throughput in a multiuser cooperative relay network was investigated in [14] . The system outage probability and throughput were derived assuming complete knowledge of CSI at the relay node. A multi-hop cooperative relay system was considered in [15] , where the relay harvests energy from the co-channel interfering signals. Outage probability was obtained to determine the maximum number of hops. To enhance the energy utilization efficiency, Zou et al. [16] proposed a sleeping algorithm for EH system, wherein the case of low ambient harvesting energy, the EH devices enter the sleep mode to save energy.
In literature, the outage probability is usually considered as a necessary figure of merit for networks incorporating EH techniques. In [17] , the analytical expressions for the outage probability and overall throughput in a decode-andforward (DF) EH relaying network were derived. In [3] , uplink PA schemes were studied, and closed-form expressions for different outage probabilities were obtained.
The FD mode was suggested in [18] as a leading technique to be used along with EH for achieving maximum spectral efficiency. The performance of EH users that harvest their required energy form a hybrid base station (HBS) in an FD mode under signal-to-interference-plus-noise-ratio (SINR) constraints was investigated in [19] . The results showed that the proposed model minimized the aggregated uplink power. In [20] , an FD model with a DF relaying protocol was introduced. Here, a relay node equipped with multi-antennas harvested energy from the source and transmitted information to the destination via a time-switching (TS) protocol. Beamformers and time-split parameters were employed to maximize the instantaneous system throughput. The Beamforming technology was also applied to a MIMO FD model with an AF relaying protocol in [21] . In [22] , a new EH AF relaying protocol was proposed where various switching protocols were employed with an optimal beamforming model to maximize the instantaneous throughput. A mode selection criterion was examined in [23] for a DF relay, where the relay either acts as an information relay or energy relay. The system outage probability was derived assuming Rician channels to obtain the optimal global utilization of harvested energy. The TS based EH relaying protocol for AF and DF modes was proposed in [24] , where data and harvesting energy were transmitted alternately. The TS factor and CSI were considered as the main parameters in the proposed algorithm. The authors also introduced another suboptimal algorithm for reducing CSI requirements.
In [25] , a two-phase time-sharing protocol was proposed. Closed-form expressions for the outage and secrecy outage probabilities were derived. A battery switching algorithm was proposed in [26] for simultaneous wireless information and power transfer (SWIPT) FD relaying networks. The performance of the proposed algorithm was investigated and compared to the half-duplex relaying transmission. The results showed that the performance of the proposed algorithm outperforms the half-duplex one. Hu et al. [27] proposed a new algorithm to avoid using TS protocols, where a beamforming optimization problem was studied in an AF relaying cooperative network. The proposed work illustrated the superiority of the new protocol over the TS protocols.
It is worthless to say that cognitive radio (CR) techniques have been suggested to achieve maximum spectrum efficiency utilization. In [28] , an algorithm for switching between data transmission and energy harvesting links was introduced in a dual-hop cognitive relaying system. Closedform expressions for detection, outage probabilities, and average harvested energy were derived resulting in enhancing the secondary network resources. The work in [29] studied the interference effect of the primary network on the secondary network performance for an EH CR network. The interference caused by the primary user (PU) on the secondary user (SU) was modeled, and expressions for the outage probability were derived and verified through numerical expressions. Li and Teh [30] designed an EH CR system to minimize the interference, where a SU either harvests energy from PU or transmits information when the PU is idle. Another type of interference was analyzed in [31] where a new sub-carrier scheduling and PA problem algorithms were proposed under the existence/absence of selfinterference cancellation (SIC) techniques. In [32] , a CRN with FD-enabled energy access points (EAPs) employed dedicated energy beamforming to improve the energy efficiency. In [33] , a PA model for multiple-input-single-output (MISO) underlay CRN was introduced assuming single secondary user. An exact expression for the outage probability was derived. Simulation results showed a significant enhancement of the system performance compared to conventional equally distributed PA models. Extending this work to a more comprehensive multiuser model with opportunistic user scheduling could address a more practical system which can be found in many applications such as wireless sensor networks, wireless body area network, and IoT.
In [34] , a comprehensive study of the outage performance of multihop cognitive relay networks with EH was presented, where the SUs transmitted powers were subject to the harvested energy from power bacon and the interference constraint from the primary user. The authors showed that the outage probability is monotonically decreasing concerning the transmit power of power bacon. Their work focused on the outage saturation phenomenon. Monte Carlo simulation was used to validate theoretical results. Energy utilization and fairness among different users were both considered to be critical issues in future communication network aims [35] . Robust max-min fairness resource allocation in sensingbased wideband CR with simultaneous wireless information and power transfer was studied, where two operation paradigms were considered: opportunistic spectrum access and sensing-based spectrum sharing. An efficient 1-D search algorithm based on the optimal power and sub-channel allocation scheme was then presented. The performance gain obtained by the secondary user under sensing-based spectrum sharing was higher than that achieved under opportunistic spectrum access. A wireless CRN where SUs harvested energy in the downlink wireless power transfer phase and used the energy for data transmission in the uplink information transmission phase was presented in [36] . The main contribution was that the optimal joint power control-time allocation scheme outperformed the scheme that employs only the optimal time allocation or the optimal power control.
B. WORK CONTRIBUTIONS AND OUTCOMES
This work studies the performance of the multiuser FD-EH-CRN with HBS in the presence of PU network. In the proposed model, multiple SUs harvest energy from both PU transmission and HBS. Employing opportunistic user scheduling [37] to enhance the SU performance, one SU is selected to transmit its data to the data antenna of the HBS. The SU network is assumed to follow the underlay spectrum sharing paradigm. Therefore, the SU nodes have to limit its transmission power to the maximum allowable PU interference threshold. Also, the SU destination suffers from a co-channel interference caused by the PU transmission and a self-interference caused by the energy transmitting antenna. This work considers no SU battery status feedback to reduce the overhead signaling. The main contributions can be summarized as follows:
• EH technology is applied in CRNs with multiuser.
• A closed-form expression for the exact outage probability of the proposed model is derived.
• The obtained exact outage probability expression is used to derive closed-form expressions for the system average symbol error probability (ASEP) and ergodic capacity.
• For simplicity, closed-form expressions for the asymptotic outage probability and ASEP are obtained for the high SNR values.
• A new PA scheme is proposed for the optimal powers' data transmission to enhance system the performance
• An optimization problem is formulated to minimize the asymptotic outage probability under the constraints of PU interference level, harvested energy level, and the total allowable power for energy and data transmission at the SU network. The obtained results show that increasing the number of SU sources enhances the system performance at low to medium SINR values, whereas, at the high SNR values, the SU performance is dominated by the PU interference threshold. For no battery status feedback model, the results demonstrate that the minimum harvested energy level has a significant impact on the system outage probability. Increasing it degrades the system performance. Moreover, the proposed PA scheme is shown to enhance the system performance.
C. PAPER ORGANIZATION AND NOTATIONS
The rest of this paper is organized as follows. The system model is introduced in Section II. A closed-form expression for the SU outage probability, average symbol error probability, and the ergodic capacity are derived in Sections III. The PA problem is formulated and solved in Section IV. In Section V, some numerical results are presented and followed by the conclusion in Section VI.
The notation used in this paper is defined as follows. We use .
. for the binomial coefficient and |.| for the absolute value. The term f β (x) is the probability distribution function (pdf) of random variable (RV) β, and F β (x) is its cumulative distribution function (CDF). The function (.) is the upper-incomplete Gamma function defined by VOLUME 6, 2018 
II. SYSTEM AND CHANNEL MODELS
This section comprises two parts. The first part presents some preliminary discussions on the considered system model. Whereas, the second part introduces the channel models.
A. SYSTEM MODEL
As shown in Figure 1 associated with Table I , the proposed system model consists of a single hop multiuser SU network in the presence of a PU network. The SU network includes N SU sources and a FD SU-BS, which is equipped with one antenna E for transmitting energy and one antenna D for receiving SU data. Assuming opportunistic user scheduling, the BS selects the best user among the N SUs with the strongest channel link to receive its data. The communication operates in a FD mode where the BS transmits the harvesting energy through antenna E and receives SU data through antenna D, simultaneously. Moreover, the SU network shares the spectrum with the PU network by following the underlay spectrum sharing paradigm. Therefore, the SU transmitting power is limited to the maximum allowable PU interference threshold Q P . The SU sources are assumed to have no batteries or a limited battery storage capability. Therefore, the SU nodes have to harvest energy from the HBS and the PU network before transmitting its data. In the literature, there are several EH models such as linear EH model [38] , [39] , piece-wise linear EH model [40] , [41] , and non-linear EH model [42] , [43] . In this work, without loss of generality, we assume the linear EH model for three main reasons:
• The linear and non-linear models usually give similar results when the power is stable [44] . • Low energy environment is assumed, and thus, energy harvested will not reach the saturation region.
• The concavity of the linear EH model over the non-linear one can lead to tractable analytical results. Hence, the received power at the n-th SU source Q E,n in the previous time slot before the transmission of its data is given by
The SU source can only consume a certain percentage from the received energy and transform it to an uplink transmission power P S (i.e. P S = Q E,n ). As a result, the received energy Q E,n should be higher than a certain threshold Q E to energize the SU transmission and keep the SU source active and alive.
If Q E,n is less than the predetermined energy threshold Q E , the selected best SU source will not be able to transmit its data, and the system will be in an outage. Moreover, the HBS is assumed to have no prior knowledge about the SU battery status resulting in a reduction in the signaling overhead. On the other hand, if the best selected SU source has sufficient energy (i.e., Q E,n > Q E ), it will transmit its data with power P S to the BS receiving antenna D under the constraint of PU interference threshold Q P . Considering the FD mode at the BS and the simultaneous transmission of PU network, the SU communication suffers from two interference sources. The first part is the self-interference, which comes from the transmitting antenna E at the BS which can be canceled or mitigated using SIC techniques, and the second part is the co-channel interference (CCI) signal from the PU transmitter to the HBS receiving antenna D. Hence, the received signal y D at D from the selected best SU source is given by
where h n * ,D denotes the channel coefficient of the best selected user among the N users such as h n * ,D
The self-interference factor η represents the portion of P E which interferes with the SU transmission due to imperfect SIC (i.e. 0 ≤ η ≤ 1 and η = 0 for perfect SIC), x S is the SU transmitted symbol with zero mean and unit variance, x E and x P denote the interfering symbols from antenna E and the PU transmitter, respectively, and both are of zero mean and unit variance, and w D ∼ N (0, σ 2 0 ) is an additive white Gaussian noise (AWGN) sample at D.
Based on (2), the SINR of the received signal (γ D ) at the HBS receiving antenna D can be expressed as
B. CHANNEL MODEL
In this part, the statistical distributions of the channel models are presented. The channels between the PU transmitter and both PU receiver and SU network nodes are denoted by g which are assumed to follow independent and nonidentically distributed (i.ni.d.) Rayleigh fading distribution. Hence, the CDF of the g T ,j channel gain between the PU transmitter T and j-th receiver for j ∈ {R, D, n} with 1 ≤ n ≤ N is given by
where g T ,j is the average signal-to-noise ratio (SNR) per channel g T ,j . Whereas, the channels between the SU nodes, as well as the channels between the SU transmitters (sources and energy transmitter) and the PU receiver, are denoted by h u,v . Similar to g T ,j , the gains of the channels h u,v are assumed to follow i.ni.d. Rayleigh fading distribution, which is given by
where h u,v is the average SNR per channel h u,v for u ∈ n, E and v ∈ n, R, D with 1 ≤ n ≤ N . For the opportunistic scheduling scheme, the user with the best channel gain will be selected for transmission such as |h n * ,
As shown in Figure 1 , the SU destination suffers from two interfering signals which are the CCI caused by the PU transmission and the self-CCI caused by E. The channels of these two non-identical CCI interferers follow an i.ni.d. Rayleigh fading distribution. Hence, the pdf of the CCI signals is given by [45] 
where λ i = 1/ (γ i i ), and γ i is the SNR of the i-th interferer. Based on (3), it is clear that D suffers from two interferes (i.e. M = 2), which are a PU interference with transmission power P T over the channel g T ,D and a self-interference with power ηP E over the channel h E,D . As a result, the above pdf expression in (7) can be reduced to be
where
, and γ E = P E /σ 2 0 . Based on the obtained statistical results in this section, we derive closed-form expressions for the system outage probability, ASEP, and the ergodic capacity in the next section.
III. PERFORMANCE ANALYSIS OF THE PROPOSED MODEL
In this section, closed-form expressions for the performance metrics of the considered SU system model are derived.
A. OUTAGE PROBABILITY ANALYSIS
In this part, the outage probability of the proposed system model is investigated under the constraints of the PU interference threshold Q P and the energy harvesting threshold Q E . The exact closed-form expression is derived. To reveal more insights on the performance key parameters, asymptotic closed-form expression for the system outage probability is obtained for the high SNR regime.
1) EXACT OUTAGE PROBABILITY
The outage probability is an important performance metric, which is defined as the probability that the SINR at the SU destination is less than a predetermined threshold γ th . Based on the proposed system model presented in Section II-A, the outage probability P out of the SU network is expressed as
where Pr P E |h E,R | 2 + P s |h n * ,R | 2 ≤ Q P is the probability that the total interference from the SU network due to the SU transmission and the energy transmission at R does not VOLUME 6, 2018 exceed Q P . It can be expressed as the summation of two i.ni.d. Rayleigh RVs, and the final expression can be given by
where λ E,R = 1/ γ E E,R , λ n * ,R = 1/ γ S n,R , and γ S = P S /σ 2 0 . The derivation of (10) is stated in appendix. On the other hand, the term Pr
≥ γ th denotes the probability that the instantaneous end-to-end (e2e) SINR at the SU destination D is greater than a predefined threshold (γ th ), and it can be given as (11) , as shown at the bottom of this page, where
The term Pr P E |h E,n * | 2 + P T |g T ,n * | 2 ≥ Q E represents the probability that the received power of the selected best SU transmitter exceeds Q E to transmit, which is given by
where λ E,n * = 1/ γ E E,n * , and λ T ,n * = 1/ γ T T ,n * . It should be mentioned that the derivation of (12) follows the same analysis as (10), which is declared in Appendix. Finally, the substitution of equations (10) to (12) in (9) results in a closed-form expression for the exact outage probability of the proposed system model.
2) ASYMPTOTIC OUTAGE PROBABILITY
In this part, to get more insights on the key parameters affecting the system outage performance, the exact outage probability derived in III-A.1 is simplified to a less complicated asymptotic expression at the high SNR regime. From the derived outage probability, we would be able to obtain the coding gain and the diversity gain of the proposed system model if we can put the outage probability in the form P out (γ th ) (G c SNR) −G d [46] , where G c denotes the coding gain of the system, and G d denotes the diversity gain of the system. Hence, using Taylor's series expansion, the CDF of the channel gain of the best selected SU source is represented asymptotically at the high SNR values by
Then, the asymptotic expression of the probability
≥ γ th is expressed as in (14), as shown at the top of the next page, where [47] . By substituting (14) in (9), a closed-form expression for the asymptotic outage probability is shown in (15) , as shown at the top of the next page. By using the closed-form expressions of the exact and asymptotic outage probabilities, closed-form expressions for the ASEP and the ergodic capacity are derived in the next parts.
B. AVERAGE SYMBOL ERROR PROBABILITY ANALYSIS
In this part, a closed-form expression for the ASEP of the proposed system model is derived. Using the exact and asymptotic outage probability formulas in Section III-A, the exact and asymptotic closed-form expressions for the ASEP are obtained respectively using the following expression [48] 
where a mod and b mod are the modulation specific constants. 
1) EXACT AVERAGE SYMBOL ERROR PROBABILITY
By substituting the exact outage probability (9) in (16), the exact closed-form expression for the ASEP of the proposed system is given as in (17), as shown at the top of the this page.
2) ASYMPTOTIC AVERAGE SYMBOL ERROR PROBABILITY
Similarly, by substituting the asymptotic outage probability (15) in (16), the asymptotic closed-form expression for the ASEP can be expressed as shown in (18), as shown at the top of the next page.
C. ERGODIC CAPACITY ANALYSIS
In this section, a closed-form expression for the ergodic capacity is derived. The ergodic capacity is defined as the expected value of the instantaneous mutual information of the e2e γ D . Hence, using the derived closed-form expression of the system outage probability, the system ergodic capacity can be evaluated such as [49] 
Hence, substituting (9) in (19) , the ergodic capacity could be evaluated as shown in (20), , as shown at the top of the next page.
IV. PROPOSED POWER ALLOCATION SCHEME
In this section, a new PA scheme is proposed to enhance the performance of the proposed system model. Due to the complicated closed-form expression of the exact outage probability in (9), the asymptotic outage probability closed-form expression in (15) is used to obtain a suboptimal PA scheme. Moreover, to find a closed-form solution, the SU transmitters are assumed to be identical (i.e., 1,D = 2,D = · · · = N ,D ) with perfect self-interference cancellation at the HBS (i.e., η = 0). As a result, an optimization problem
is formulated to minimize the asymptotic outage probability of the proposed system model under the constrains of PU interference threshold, harvested energy threshold, and the total available power P tot for both the SU transmission and the energy transmission (i.e. P S + P E ≤ P tot ). Hence, the optimization problem can be formulated such as
Moreover, to reduce the complexity of the asymptotic outage probability as a target function, the self-interference caused by the energy transmission can be assumed to be zero (i.e. η = 0), which reduces the expression of the asymptotic outage probability of the proposed system model to be expressed as in (22) , as shown at the top of the this page.
P E E,n * , and λ T ,n * = σ 2 0 P T T ,n * . By substituting the values of λ's in terms of P S and P E , and hence, the Lagrangian multipliers method is used to obtain the optimal solutions of these powers such as
where L(P S , P E , 1 , 2 ) denotes the Lagrangian function, 1 and 2 are the Lagrangian multipliers. According to the Karush-Kuhn-Tucker (KKT) conditions, we obtain the following
Then, the simultaneous solution of the above-mentioned equations gives the optimal average powers for both the SU transmission P * S and the harvesting energy transmission P * as follows
It is important to mentioned that these optimal solution are valid if and only if T ,n * P T + E,n * Q P > Q E
V. SIMULATION AND NUMERICAL RESULTS
In this section, numerical results are presented together with Monte-Carlo simulations. Several scenarios of various system parameters and their effect are studied. The modulation scheme used is the quadrature phase shift keying (QPSK) scheme with parameters a mod = b mod = 0.5. Figures 2, 3 , 4, and 6 study the impact of different system parameters on the system reliability measurements. In addition, Figure 5 presents a three dimensional (3D) relation between the system ASEP, SU SNR, and Q E to introduce more insights on the system performance. The impact of the proposed PA scheme is presented in Figures 7 and 8 . The outage probability of the proposed system model is investigated versus SU SNR for different number of SU nodes N in Figure 2 . The results show that as N increases, the system outage probability decreases resulting in enhancing the system performance. Also, it can be noticed that the system achieves a diversity order of N at the low SNR values. Whereas, at the high SNR values, increasing SU SNR does not enhance the system performance as the self-interference caused by the power transmitting antenna kills the system diversity gain. Moreover, the figure shows that the simulation results match the exact results. Besides, the asymptotic results converge to match both the exact and simulation results at the high SNR values which validates the derived analytical expressions and emphasizes the work contribution.
The ASEP of the proposed model at different values of energy harvesting threshold Q E is studied in Figure 3 . At the low SNR values, it can be noticed that increasing Q E degrades the system performance as the SU nodes could not achieve the required energy level before they start transmitting. On the other hand, at the high SNR values, it is clear that the system performance is dominated by the PU interference threshold Q P , and hence, Q E has no effect on the system performance. Again, the figure shows that the analytical results match the simulation results.
The impact of the number of SUs (N ) on the ASEP of the proposed system is presented in Figure 4 for different values of self-interference cancellation factor η. The results show that increasing N enhances the system performance. However, it can be noticed that when N exceeds a certain value there is no further performance improvement. This can be explained by the fact that although increasing N should enhance the system performance, the PU interference on the SU system limits the system performance to a certain value, which can not be exceeded. Moreover, the figure shows that as η increases, the system performance is more degraded and the number of SU nodes N to achieve the best SU performance increases. The ASEP of the proposed system versus both the SU SNR and Q E is investigated in Figure 5 . The results show that at a fixed SNR value, increasing Q E decreases the system performance. Whereas, at a fixed Q E value, increasing the SU SNR enhances the system performance at low to medium SNR values. Then, the system performance decreases as the SU SNR values is closed to the PU interference level Q P .
The system ergodic capacity is studied against the PU interference threshold Q P in Figure 6 for different values of η. The results illustrate that increasing Q P increases the ergodic capacity of the system. This can be explained by the fact that the PU network allows the SU network to transmit with more power, better the SU system capacity will be. Also, it can be noticed that the enhancement of the SU performance with increasing Q P is limited by the interference caused by the PU transmission and the SU self-interference η. As a result, increasing η decreases the system ergodic capacity.
A comparison between equally distributed PA scheme (i.e. P S = P E = P tot /2) and the proposed PA scheme is presented in Figure 7 . The results show that the proposed PA scheme outperforms the equally distributed PA scheme, especially at the low and medium SNR values which emphasizes the importance of the proposed PA scheme and the work contribution. To introduce a more comprehensive comparison, we obtain the optimal outage probability of the exact results using the exhaustive search method to obtain the optimal P S and P E . Comparing the exhaustive search results with the proposed PA results, it can be noticed that the performance of the proposed PA scheme is very close to the optimal results using the exhaustive search method, which validates the proposed PA scheme. Figure 8 illustrates the relation between the system outage probability and the SU transmission power P S for different values of SU SNR. It is clear that increasing the SU SNR values decreases P S needed for transmission, resulting in increasing the P E power. Also, the figure confirms the convexity of the optimization problem, which guarantees the existence of a global minimum value at the optimal P S solution.
VI. CONCLUSION
The performance of EH-FD-CRNs was studied where multiple SUs harvest energy from both the HBS and PU network. Closed-form expressions for the SU outage probability, ASEP, and the ergodic capacity were derived. Moreover, an optimization problem was formulated to minimize the asymptotic outage probability to obtain optimal transmission power values for the SU and the HBS. Computer-aided simulations reveal that for the low SNR values, the system performance is enhanced as the number of SUs increases. On the other hand, at higher SNR values, the effect of the PU network interference on the SU performance becomes more apparent. Finally, the proposed PA algorithm is compared with the conventional equally distributed and the exhaustive search PA schemes. The results reveal the superiority of the proposed PA algorithm over the equally distributed PA algorithm. Besides, the proposed PA scheme achieves similar results to those obtained by the exhaustive search PA scheme with a much less computation complexity. (10) In this section, we will present a detailed proof of (10) . From (5), the CDFs of |h E,R | 2 and |h n * ,R |, respectively, are given by
APPENDIX PROOF OF EQUATION
F |h n * ,R | 2 (y) = 1 − exp(−λ E,R y).
Hence, the pdfs for |h E,R | 2 and |h n * ,R | is stated as
f |h n * ,R | 2 (y) = λ E,R exp(−λ E,R y)
Therefore, Pr P E |h E,R | 2 + P s |h n * ,R | 2 ≤ Q P is expressed as the summation of two exponential random variables, which is calculated using the convolution method as follows
